This study examined how contraction force and protein profiles of the tube feet of the sea urchin 19 (Pseudocentrotus depressus) were affected when acclimated to 400 (control), 2000 and 10000 20 μatm CO2 for 48 days. Acclimation to higher CO2 conditions significantly reduced contraction 21 force of the tube feet. Two-dimensional gel electrophoresis showed that eight spots changed in 22 protein volume: six up-regulated and two down-regulated. Using matrix-assisted laser 23 desorption/ionization-quadrupole ion trap-time of flight mass spectrometry, three up-regulated 24 spots (tubulin beta chain, tropomyosin fragment, and actin N-terminal fragment) and two down-25 regulated spots (actin C-terminal fragment and myosin light chain) were identified. One possible 26 interpretation of the results is that elevated CO2 weakened contraction of the tube feet muscle 27 through an alteration of proteome composition, mainly associated with post-translational 28 processing/proteolysis of muscle-related proteins.
p. 8 using a pair of micro bulldog clamps. The clamp at the tip of the tube foot was connected to the 148 probe of an isometric transducer (SB-1T, Nihon Kohden, Tokyo, Japan). The tube foot was 149 gradually extended to a length of about 20-30 mm from its base, using a micromanipulator, until 150 spontaneous rhythmic contractions occurred as seen in intact animals. To induce maximal 151 contraction, the perfusate was switched from seawater to seawater containing 10 -4 M 152 acetylcholine (Ach) (Florey and Cahill, 1980) , and the response was recorded until contraction 153 force began to decrease. ACh is the natural excitatory transmitter substance in sea urchin tube 154 feet (Florey et al., 1975) . The maximal value was used as a contraction force in each 155 measurement. The number of successful measurements in each animal varied from 1 to 3 (i.e., 1 156 to 3 tube feet because each tube foot was used only once), depending on the animal's p. 9
To accomplish extraction, separation and identification of proteins from a small amount of 171 tube feet, we applied a small-scale proteomic approach (Yamaguchi, 2011; Khandakar et al., 172 2013) 173 One milliliter of Trizol reagent (Life Technologies, Carlsbad, CA, USA), 100 µg of zirconia 174 beads (0.6 mm in diameter, BMS, Tokyo, Japan), and a stainless-steel bead (5 mm in diameter, 175 BMS, Tokyo, Japan) were added to the frozen tube feet in a 2 mL screw-cap centrifuge tube 176 (Sarstedt, Nümbrecht, Germany). The tubes were mounted in a Master Rack aluminium block 177 (BMS, Tokyo, Japan) and agitated for 2 min at 25ºC in a ShakeMaster Auto ver 1.5 (BMS, Tokyo, 178 Japan). The homogenates were incubated at 25ºC for 5 min and 0.2 mL of chloroform was added 179 to each tube. The tubes were then shaken vigorously by hand for 15 s and incubated at 25ºC for 3 180 min. The mixture was centrifuged (12000×g, 15 min, at 4ºC) to separate it into a lower organic 181 phase, an interphase, and an upper aqueous phase. After removing the aqueous phase, 300 µL of 182 ethanol was added to the tube. The sample was mixed by inversion 3-5 times, incubated at 25ºC 183 for 3 min, and then centrifuged (12000×g, 1 min, at 4ºC) to remove the DNA pellets.
184
The resulting supernatant was transferred to dialysis tubing with a 3500 Da molecular weight 185 cut-off (Spectra/Por RC dialysis membrane 3, Spectrum Laboratories, Inc., Rancho Dominguez, 186 CA, USA), and dialyzed against 400 volumes of Milli-Q water (once renewed) for 72 h at 4ºC.
187
The dialysate was dehydrated with solvent-absorbent powder (Spectra/Gel Absorbent, Spectrum (2006) . Expecting faster peptide dryness, we used an 232 extraction solution of 0.05% TFA in 50% acetonitrile, instead of 5% formic acid in 50% 233 acetonitrile (Yamaguchi, 2011; Khandakar et al., 2013) . In brief, the samples were dehydrated in 234 p. 14 There was no difference in test diameters or body weights of the sea urchins between 284 treatments (one-way ANOVA, F2,18 = 1.127; P = 0.346 and F2,18 = 0.475, P = 0.63, respectively).
285
Tube feet contraction force was significantly lowered with increasing CO2 levels in a PCO2-286 dependent manner (one-way ANOVA, F2,18 = 13.89, P = 0.000; Fig. 2 ). Multiple comparison 287 analysis revealed that contraction force differed significantly between all pH treatments (Tukey's 288 HSD, P < 0.05; Table S1 ). showed that a total of eight protein spots changed significantly in spot volume (i.e. spot intensity); 297 two spots were down-regulated and six spots were up-regulated under increasing CO2 conditions 298 (Figs. 3 and S1). Eight differentially accumulated protein spots (spots 1-8) and four constantly 299 ex pressed protein spots (spots a-d, prominent spots selected for easier protei n 300 extraction/identification) were excised from the 2-DE gels (Figs. 3 and S1), digested in-gel with 301 trypsin, and the extracted tryptic peptides were subjected to MALDI-QIT-TOF mass spectrometry. (Table 2) . Therefore, these proteins were probably not responsible for the reductions in muscle contraction 399 force at high CO2 conditions in our sea urchins. 400 401 5. Conclusion and future study 402 We have shown that elevated CO2 reduced the contraction force of sea urchin tube feet in a 403 concentration-dependent manner. Further, 2-DE based proteomics showed that proteins involved 404 in muscle contraction changed their spot volumes under high CO2 conditions. These results 
